-/-bone marrow chimeras (BMCs) at days 7 and 15 after ICH. Right: Quantification of residual hematoma volume in the WT and Ccr2 -/-BMCs. n = 11 at day 7; n = 9 at day 15. *P < 0.05 by Student's t test. (B) Cylinder test and apomorphine turning test from WT and Ccr2 -/-BMCs at day 15 after ICH. n = 6/group for cylinder test; n = 8/ group for apomorphine turning test. *P < 0.05 by Student's t test. (C) Cylinder test, neurological deficit score, and corner test in control-and anti-CCR2 antibody-treated mice at days 1 and 3 after collagenase ICH. n = 7/group. *P < 0.05 by 1-way repeated-measures ANOVA and Bonferroni's post hoc test. (D) Top: Representative coronal sections show hematoma from control-and anti-CCR2 antibody-treated WT mice after blood injection ICH at 7 days. Bottom: Quantification of hematoma volume, n = 3/ group. *P < 0.05 versus control by Student's t test. (E) Top: Representative coronal sections show hematoma in the isotype control-and anti-CCR2 antibody-treated mice from collagenase model at day 12. Bottom: Quantification of hematoma volume. n = 8/group. *P < 0.05 versus control by Student's t test. (F) The cylinder test, neurological deficit score, and corner test in isotype control-and anti-CCR2 antibody-treated ICH mice at days 3, 5, 7, 9, and 11 after collagenase ICH surgery. n = 8/group. *P < 0.05 versus isotype control group by 1-way repeated-measures ANOVA and Bonferroni's post hoc test. αCCR2, anti-CCR2 antibody.
Introduction
Acute tissue injury induces rapid inflammatory responses largely mediated by innate immune cells. Monocyte-derived macrophages (MDMs) can acquire a broad spectrum of functions depending on signals they receive from the local microenvironment (1, 2) and are capable of either contributing to tissue injury or repair (3) . Indeed, studies have identified a dynamic equilibrium of MDM activation over time after acute injury, shifting from a proinflammatory response to a tissue reparative program that dampens inflammation and improves recovery (4, 5) . However, the mechanisms that promote macrophage reparative responses in disease settings, especially in the brain, remain poorly understood.
Intracerebral hemorrhage (ICH) is a devastating form of cerebrovascular disease, with the highest mortality among all stroke subtypes and without an effective therapy (6) . ICH is initiated by blood vessel rupture within brain parenchyma, resulting in mechanical and metabolic insults from the hematoma mass and blood components, respectively. These primary insults induce secondary inflammatory responses in the perihematomal region characterized by inflammatory cytokine production and leukocyte recruitment, which exacerbate brain damage (7) (8) (9) . We have shown that inhibition of early inflammatory responses from MDMs ameliorates acute disability in murine ICH models (10, 11) , but the contribution of these cells to immune resolution and functional recovery has not been studied. Intriguingly, we have also noted that MDMs gradually increase expression of CD36 (11) , a scavenger receptor associated with alternatively activated phenotype and phagocytosis after ICH (12) , suggesting that MDMs may aid in ICH recovery. Signals that control tissue reparative responses after ICH, including the role of MDMs in clearance of the hematoma or functional recovery after ICH have not been explored to date. In the past, preclinical ICH studies have largely focused on the phagocytic role of microglia, the resident phagocytes of the CNS, or grouped microglia and MDMs together in hematoma resolution and brain injury (12) (13) (14) (15) (16) . Recent data have highlighted important differences between tissue-resident phagocytes and MDMs in various disease states (5) . We sought to specifically focus on exploring the contribution of MDMs in hematoma clearance and brain recovery, and the mechanism that modulates tissue reparative responses of MDMs in the ICH brain.
Macrophages are a source of both proinflammatory and restorative functions in damaged tissue through complex dynamic phenotypic changes. Here, we sought to determine whether monocyte-derived macrophages (MDMs) contribute to recovery after acute sterile brain injury. By profiling the transcriptional dynamics of MDMs in the murine brain after experimental intracerebral hemorrhage (ICH), we found robust phenotypic changes in the infiltrating MDMs over time and demonstrated that MDMs are essential for optimal hematoma clearance and neurological recovery. Next, we identified the mechanism by which the engulfment of erythrocytes with exposed phosphatidylserine directly modulated the phenotype of both murine and human MDMs. In mice, loss of receptor tyrosine kinases AXL and MERTK reduced efferocytosis of eryptotic erythrocytes and hematoma clearance, worsened neurological recovery, exacerbated iron deposition, and decreased alternative activation of macrophages after ICH. Patients with higher circulating soluble AXL had poor 1-year outcomes after ICH onset, suggesting that therapeutically augmenting efferocytosis may improve functional outcomes by both reducing tissue injury and promoting the development of reparative macrophage responses. Thus, our results identify the efferocytosis of eryptotic erythrocytes through AXL/MERTK as a critical mechanism modulating macrophage phenotype and contributing to recovery from ICH.
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Results
MDMs are essential for optimal hematoma resolution and functional recovery after ICH. Clinical evidence has revealed that hematoma volume is one of the major determinants of ICH patient outcomes (37) and iron toxicity from the hematoma exacerbates brain injury (38) . Thus, acceleration of hematoma clearance is a logical therapeutic strategy for ICH. In order to evaluate the role of MDMs in ICH clearance, we created bone marrow-chimeric mice with either Ccr2 -/-or WT hematopoietic cells and subjected them to experimental ICH by blood injection. Ccr2 -/-monocytes have impaired ability to egress from the bone marrow, and Ccr2 -/-bone marrow chimeras have minimal MDM recruitment to the brain after ICH (11) . Chimeric mice with Ccr2 -/-hematopoietic cells had larger residual hematomas than the WT chimeras at day 7 ( Figure  1A ), a time point when the majority of the blood has been cleared in the autologous blood injection model (Supplemental Figure 1 ; supplemental material available online with this article; https:// doi.org/10.1172/JCI95612DS1). By 15 days, both genotypes had equal residual hemoglobin ( Figure 1A ), indicating that in the absence of MDMs other cell types are capable of ICH clearance, although clearance is markedly delayed. Interestingly, even at this time point when the ICH has been cleared in both genotypes, the functional outcomes of the Ccr2 -/-chimeras were worse than the WT chimeras ( Figure 1B ), suggesting that MDMs contribute to functional recovery.
Although our previous study showed that MDM infiltration begins as early as 12 hours after ICH and exacerbates acute ICH disability, we also found that MDMs gradually upregulated CD36 expression by 7 days after ICH (11) . These data suggest a separate, reparative role for macrophages in the subacute period after ICH. In order to evaluate the functional diversity between early infiltrating MDMs and subacute MDMs, we used an anti-CCR2 antibody (MC-21) to deplete circulating CCR2 + cells immediately after ICH or beginning 2 or 3 days after ICH (schematics shown in Supplemental Figure 2 ). Consistent with our previous findings of early deleterious functions of recruited MDMs in the autologous blood model (11) , acute MDM depletion immediately after collagenase injection improved functional outcomes in mice at days 1 and 3 after ICH ( Figure 1C ). However, in both the blood injection model and the collagenase model, the residual hematoma volume was increased in the mice depleted of monocytes compared with controls ( Figure 1 , D and E). We then took advantage of the larger ICH and more severe and persistent functional deficits in the collagenase model to dissociate the varying impact of MDMs on functional recovery over time. MDM depletion beginning at day 3 led to better performance on cylinder and corner tests at day 5 after ICH, indicating that the MDMs contribute to acute disability for the initial 5 days in this model. However, mice with intact MDMs recovered over the next week after ICH, while recovery was more limited in the mice lacking MDMs ( Figure 1F ). These results demonstrate that MDMs contribute to impaired neurobehavioral function at the early stage of ICH, but provide beneficial roles in the brain later through both blood clearance and functional recovery. We next sought to identify the mechanisms by which MDMs contribute to ICH recovery and determine whether hematoma clearance directly contributes to recovery.
Phagocytosis of apoptotic cells, known as efferocytosis, is one of the primary functions of macrophages, and emerging evidence indicates that this process can direct activation of antiinflammatory transcriptional programs in MDMs after acute injury (17) . In this context, phagocytosis is carefully regulated by a suite of scavenger receptors that recognize "eat me" signals expressed by apoptotic cells, including externalization of phosphatidylserine (PtdSer) (18, 19) . The tyrosine kinases AXL and MERTK are PtdSer receptors activated by the binding of PtdSer-expressing cells via the adaptor proteins GAS6 and protein S (20) . Upon activation, AXL/MERTK not only facilitate the action of efferocytosis but also trigger antiinflammatory responses in macrophages by inhibiting Toll-like receptor (TLR) signaling and increasing the expression of suppressor of cytokine 1 (SOCS1) and SOCS3 (21, 22) . Under inflammatory conditions, AXL and MERTK can be cleaved from the cell membrane, decreasing availability of the cell surface receptors for activation (23, 24) . These soluble forms of the receptors can be detected in the blood and tissue, and may compete with membrane-form receptors for the binding of protein S and GAS6. Disruption of AXL/MERTK ligand binding or AXL/ MERTK deficiency inhibits clearance of apoptotic cells (25, 26) and enhances production of inflammatory cytokines (27) , leading to disease pathogenesis (28, 29) .
Blood products introduced from hematoma such as heme and free iron can exacerbate neuronal death in the ICH brain (30) . Accelerating hematoma resolution before erythrocyte lysis and subsequently reducing free iron deposition protects against brain injury and neurologic deficits in mouse models of ICH (12, 31, 32) . Apoptotic cells have been observed in the perihematomal region after ICH (33, 34) . Erythrocytes, which do not contain nuclei and mitochondria, can externalize PtdSer by a process termed eryptosis (35, 36) . The dual needs to clear large numbers of erythrocytes after brain hemorrhage and the role of efferocytosis in the resolution of inflammation raised the hypothesis that these processes could be fundamentally linked to recovery after ICH. However, whether eryptosis and efferocytosis occur in the brain after ICH and modulate MDMs toward a reparative phenotype is unknown.
Here, we examined the contribution of MDMs to hematoma resolution and neurological recovery after ICH. Using transcriptional profiling, we showed that the temporal gene expression of MDMs changes markedly over the course of inflammation and recovery after ICH. These data highlighted decreasing inflammatory cytokine expression and high Axl and Mertk expression in MDMs during the recovery phase of ICH. We found that erythrocytes largely express PtdSer in the brain after ICH and that efferocytosis of eryptotic erythrocytes by AXL/MERTK inhibits production of inflammatory factors while promoting reparative properties of MDMs. Finally, we determined that patients with elevated levels of soluble AXL in the plasma during the first few days after ICH onset had poorer long-term outcomes even after adjusting for ICH severity. Taken together, these results reveal a critical role for MDMs in hematoma resolution and functional recovery after ICH via AXL/MERTK-mediated efferocytosis of eryptotic erythrocytes. This establishes MDMs as essential mediators of reparative responses after ICH, and identifies erythrocyte phagocytosis as a potentially novel mechanism for acquisition of antiinflammatory properties by macrophages in acute sterile injury.
genes involved in cholesterol transport and efferocytosis (Apoe), immunoproteasome formation (Psmb9 and Pbmb8), and efferocytosis and the resolution of inflammation (Anxa1) (43) (44) (45) . Taken together, these results show that this set of genes may be responsible for maintaining a reparative phenotype of MDMs.
We next sought to identify significantly differentially expressed genes that may drive MDM phenotype. To this end, we compared the magnitude of gene expression between day 1 (when macrophages are likely to contribute most to brain injury based on our previous work; see ref. 11) and day 3 (when macrophages are likely transitioning to a beneficial phenotype in this model) and, similarly, between day 1 and day 7 (when macrophages are likely fully reparative). We found many differentially expressed genes ( Figure 2C ) across both comparisons. Interestingly, we found that Axl was significantly upregulated both at day 3 and day 7 compared with day 1, and was the most upregulated gene between days 1 and 7. This suggests, together with the PCA results, that Axl is a critical gene in the changing phenotype of MDMs in the ICH brain. Overall, our transcriptional results suggested a role for efferocytosis in the modulation of the macrophage phenotype in brain after ICH and a potential link between clearance of the hematoma and the resolution of macrophage inflammatory responses.
We then confirmed the transcriptional findings at the protein level and determined the kinetics of expression by MDMs using flow cytometry. MDMs increased cell surface expression of AXL at days 3 and 7 after ICH ( Figure 2D ). Interestingly, the tyrosine kinase family member MERTK was highly expressed on the MDMs at all time points after ICH. While AXL and MERTK are highly expressed on MDMs, the other family member of the TAM (TYRO3-AXL-MERTK) receptor tyrosine kinases, TYRO3, is predominantly expressed on neurons rather than myeloid cells in the brain after ICH (Supplemental Figure 5) . Thus, we hypothesized that the dual expression of AXL and MERTK with similar functions in efferocytosis suggests they might both have important roles in recovery after ICH.
Engulfment of eryptotic erythrocytes decreases macrophage proinflammatory phenotype. Given the gene expression data highlighting a role for efferocytosis during recovery and the high AXL and MERTK expression on macrophages, we next sought to determine whether efferocytosis of the cells comprising the ICH and/or recruited to the perihematomal area could modulate macrophage phenotype. We first asked whether cells in the perihematomal area externalized PtdSer, and if so, which cell types did so. We found that the frequency of PtdSer exposure in the CD45 -TER119 + erythrocyte population was much higher than the CD45 + TER119 -leukocyte population. The number of PtdSer-positive (eryptotic) erythrocytes was approximately 30-fold greater than that in the leukocytes at day 3 after ICH ( Figure 3A) .
We next asked whether engulfment of erythrocytes was dependent on PtdSer. We used in vitro stimuli that would replicate the initial macrophage inflammatory response to the complex milieu after ICH in vivo. This was achieved using a thrombin preparation that contained small amounts of LPS, as high-purity thrombin did not recapitulate the macrophage phenotype observed in vivo (Supplemental Figure 6, A and B) . This finding is consistent with previous work demonstrating that both thromMDMs dramatically shift gene expression from the acute to subacute period after ICH. In order to better understand the changes in MDM gene expression after ICH, we performed a temporal transcriptional analysis of 780 genes from MDMs sorted from mouse brains over the course of 10 days after ICH by autologous blood injection (Supplemental Figure 3A , clusters enlarged in Supplemental Figure 3 , B-F). Principal components analysis (PCA) was performed and data projected along the first 2 components (Figure 2A and Supplemental Figure 4 ). This analysis revealed that replicate samples cluster close together and allowed us to identify genes that account for variability in MDM phenotype over the time course. Hierarchical clustering of the most variable genes across samples revealed distinct patterns of MDM transcriptional activation across time ( Figure 2B ). We found robust initial activation of proinflammatory genes at day 1, which then decreased at days 7 and 10. These include cytokines, chemokines, and their receptors, including Ifnar2, Mif, Il1a, Il1b, Tnf, Il6st, Ccl2, Ccl3, Ccl4, Ccl9, and Ccr5. Consistent with the IL-1 activation, Nlrp3 was also upregulated. Another gene set was transiently upregulated at day 3 and then rapidly downregulated. These genes included interferon-related genes, such as Isg20, Isg15, Ifit2, Ifit3, Irf7, Rsad2, Bst2, and Stat1, as well as other inflammatory genes, including Sell, Rel, Cxcl10, Ccrl2, Ddx58 (RIG-I), and Fcgr1. Interestingly, in the same cluster, we found increased expression of genes involved in protective responses, such as antiinflammatory responses (Il1rn, Tnfaip3, Oasl1, Hmox1 [heme oxygenase-1], and Klf4) (39) , efferocytosis (Havcr2 and Tim3), autophagy (Lamp2) (40) , and the lectins Lgals3 (galectin-3) and Clec7a (dectin-1).
We then focused on the cluster of genes that were increased in expression from day 3 to day 10 after ICH (outlined in Figure  2B ). Some of these genes were involved in leukocyte activation (Cd84, Slamf5, Slamf7, and Cd319) and antigen presentation (H2d1, H2aa, and H2ab1). The remaining genes suggest a major role of phagocytosis and the lipid processing requirements resulting from the engulfment of cell membranes. These specific genes function in efferocytosis and in the inhibition of cytokine responses (Axl), phagolysosome formation (Lamp1 and Cd63) and lipid efflux (Abcg1) (41, 42) . Clustering very closely were bin and TLR4 activation are critical initiators of the inflammatory response after ICH (30, (46) (47) (48) (49) (50) (51) . After stimulation, bone marrowderived macrophages (BMDMs) were incubated with fluorescently labeled heat-shocked erythrocytes that externalized PtdSer ( Figure 3B ). Both thrombin-stimulated and unstimulated BMDMs engulfed erythrocytes; however, thrombin-stimulated BMDMs demonstrated less erythrophagocytosis than control BMDMs ( Figure 3C ). Importantly, the addition of annexin V as a competitive inhibitor of PtdSer-receptor interactions inhibited erythrophagocytosis, showing that the erythrophagocytosis is largely dependent on PtdSer ( Figure 3C ). Next we asked whether engulfment of eryptotic erythrocytes induced changes in the phenotype of the stimulated macrophages. Erythrophagocytosis decreased proinflammatory markers Tnf and Cd86 and increased reparative markers heme oxygenase-1 (Hmox1) and dectin-1 (Clec7a) ( Figure 3D ). These effects were similar to the transcriptional changes in macrophages observed in vivo between days 1 and 3, when the hematoma is beginning to be cleared. To further determine whether erythrophagocytosis was specifically needed for the change in macrophage responses or if nonspecific phagocytosis would induce the same changes, stimulated BMDMs were incubated with eryptotic erythrocytes or carboxylate beads for 24 hours ( Figure 3E ). The gene expression of Tnf and Cd86 did not decrease in the BMDMs that engulfed beads ( Figure 3F ), demonstrating that signaling specific to erythrophagocytosis is necessary to reduce macrophage inflammatory gene expression.
Axl and Mertk deficiency reduces erythrophagocytosis and alternative activation in macrophages.
Once we determined that macrophage erythrophagocytosis directly modulated macrophage phenotype and was dependent on PtdSer, we next sought to determine whether AXL and MERTK were PtdSer receptors involved in this process. WT and Axl -/-Mertk -/-(AM DKO) BMDMs were stimulated and then exposed to eryptotic erythrocytes. AM DKO BMDMs engulfed significantly fewer erythrocytes than WT BMDMs in both the stimulated and control conditions ( Figure 4 , A and B), indicating a critical role for these receptors in erythrophagocytosis. In addition, AM DKO BMDMs had reduced Hmox1 expression after erythrocyte incubation ( Figure 4C ).
Hmox1 expression is regulated by the transcription factor Nrf2 (52). We therefore examined whether Axl and Mertk deficiency impaired activation of Nrf2 signaling by BMDMs. The pharmacological direct Nrf2 activators cobalt protoporphyrin (CoPP) and sulforaphane (SFN) were able to induce Hmox1 upregulation equally in WT and AM DKO BMDMs ( Figure 4D ), confirming that the failure to upregulate Hmox1 was not due to disruption of the Nrf2/heme oxygenase-1 axis in AM DKO BMDMs. Rather, reduced erythrophagocytosis likely mediates the lower Hmox1 expression in the AM DKO BMDMs. Taken together, these results indicate that AXL and MERTK are critical for the efferocytosis of eryptotic erythrocytes and subsequent modulation of macrophage phenotype.
Axl/Mertk deficiency exacerbates ICH outcomes and reduces macrophage reparative phenotype. To determine if AXL and MERTK-mediated erythrophagocytosis was important in vivo, ICH was induced in WT and AM DKO mice. We utilized MRI to quantify hemorrhage volumes in the brains at day 7 after ICH. Consistent with our findings of reduced erythrophagocytosis in the AM DKO BMDMs in vitro, the AM DKO mice had larger residual cerebral hematomas after ICH induction ( Figure 5A ). We then confirmed this finding histologically by Perls' staining to detect ferrous iron deposition at this subacute stage after ICH. AXL and MERTK are expressed on both hematopoietic cells as well as multiple cell types in the CNS (53) . We created bone marrow-chimeric mice in which WT (CD45.1) hosts were irradiated and the hematopoietic system reconstituted with either AM DKO Compared with the WT mice, iron-positive cells were increased in the hemorrhagic tissue of AM DKO mice ( Figure 5B ). Meanwhile, AM DKO mice had more severe functional deficits than the WT animals at day 7 after ICH ( Figure 5C ). Representative histogram shows PKH-26-labeled RBC signal in monocyte-derived macrophages (MDMs) from control and WT and AM DKO ICH chimeras at day 3 after ICH. Right: Quantification of percentage of PKH-26-labeled RBC expression in MDMs. n = 3/group. *P < 0.05 versus WT chimeras by Student's t test. (E) Left: Representative histograms show heme oxygenase-1 (HO-1), CD36, and TNF expression in the MDMs from brains of WT and AM DKO chimeras on day 7 after ICH, with quantifications in the right panels. n = 14 for WT chimeras and n = 15 for AM DKO chimeras. *P < 0.05 versus WT chimeras by Student's t test. (F) Cylinder test in WT and AM DKO chimeras at days 1, 3, and 7 after ICH. n = 14 for WT chimeras and n = 15 for AM DKO chimeras. *P < 0.05 versus WT chimeras group by 1-way repeated-measures ANOVA and Bonferroni's post hoc test. NS, no significant difference. in the MDMs ( Figure 5E ), indicating that other pathways maintain TNF production in vivo. The basal level of CD36 expression did not differ between WT and AM DKO BMDMs (Supplemental Figure  7) , suggesting that the failure to upregulate CD36 expression was downstream from reduced erythrophagocytosis in the AM DKO MDMs. The functional performance of AM DKO bone marrow chimeras was worse than the WT chimeras at days 3 and 7 after ICH induction ( Figure 5F ). Together the results indicate that AXL and MERTK on MDMs contribute to erythrocyte clearance from the brain, induce a tissue-specific macrophage reparative phenotype, and subsequent functional recovery after ICH.
or WT (CD45.2) bone marrow. We then modeled ICH by autologous blood injection in which the erythrocytes had been prelabeled with a fluorescent dye prior to injection. Mice were sacrificed at day 3 after ICH to quantify erythrophagocytosis by macrophages in vivo by flow cytometry. In line with our in vitro BMDM and in vivo MRI findings of diminished erythrophagocytosis in the absence of AXL and MERTK, AM DKO MDMs had reduced erythrophagocytosis in the perihematomal brain ( Figure 5D ). At day 7 after ICH induction, MDMs isolated from the perihematomal tissue of AM DKO bone marrow chimeras had decreased levels of heme oxygenase-1 and CD36 expression. There was no difference in TNF levels positive signals that were colocalized with IBA1-positive cells. This observation suggests that AXL and MERTK double-positive macrophages are recruited to the perihematomal brain by day 3 after ICH in patients ( Figure 6D ). In inflammatory tissues, AXL and MERTK can be cleaved from the plasma membrane. Higher extracellular levels of soluble receptors could result in reduced responsiveness of the MDMs to AXL and MERTK ligands, either by enhanced cleavage of receptor from the cell surface directly limiting the cell surface availability of the receptor or by cleaved receptor acting as a soluble decoy receptor directly competing for the ligands GAS6 and PROS. Interestingly, in the murine model, we found greater soluble AXL (sAXL) than sMERTK in the perihematomal tissues (Supplemental Figure 10 , A-C) and in the thrombin-stimulated BMDM culture medium (Supplemental Figure 10, D and E) . Elevated sAXL was also detected in the perihematomal tissue on day 3 (Supplemental Figure 10F ) and in serum on days 3-28 (Supplemental Figure 10G) after ICH. Notably, when we induced ICH of varying severities, we found that sAXL in serum was directly correlated with functional disability after ICH at day 3 (Supplemental Figure 10H ). This murine work demonstrates that AXL and MERTK are differentially cleaved after ICH and that the cleavage of AXL may impact recovery.
We next determined whether sAXL levels in patient plasma could give insight into recovery pathways activated after human ICH. In a prospective cohort study, we collected clinical data, plasma sAXL at 72 hours after ICH onset, and functional outcomes for 1 year. The characteristics of the cohort are shown in Table 1 . There was no association of sAXL levels at 72 hours after ICH onset with patient age, ICH volume, warfarin use at ICH onset, or ICH score, the most commonly used prognostic score in clinical practice (56) . We also found no association of sAXL at 72 hours with initial stroke severity as measured by the NIH Stroke Scale (NIHSS) score (Supplemental Figure 11) , which differed from our results in the murine model, and likely reflects the multitude of patient factors that contribute to clinical severity. Strikingly, we found that elevations in plasma sAXL (and not sMERTK) were independently associated with poor functional outcome at 1 year after ICH even after adjustment for prognosis by the ICH score (Table 2 and Supplemental Table 1 ). Overall, the human data support the notion that efferocytosis is an important mediator of the resolution of inflammation in ICH patients.
Discussion
Our work demonstrates for the first time to our knowledge that MDMs contribute to recovery of ICH, redefining the role of these cells in disease progression. We specifically focused on the MDMs Macrophage phenotypic modulation by eryptotic erythrophagocytosis is conserved in human macrophages. To assess the translational relevance of our findings in patients, we first investigated whether human macrophages also phagocytose erythrocytes via PtdSer engagement. Similar to our murine results, the addition of annexin V decreased the engulfment of erythrocytes ( Figure 6A ). We then determined whether erythrophagocytosis modulated the phenotype of human macrophages after stimulation. Interestingly, the kinetics of the TNF response was much faster in the human macrophages, with robust TNF expression by 3 hours after stimulation and resolution by 14 hours, while the kinetics of the heme oxygenase-1 response was similar to the murine macrophages ( Figure 6B ). Similar to the murine cells, the engulfment of heat-shocked erythrocytes by stimulated macrophages reduced TNF gene expression and increased HMOX1 expression ( Figure 6B) . Furthermore, the modulation of macrophage phenotype was dependent on the PtdSer expression of the erythrocytes, as the addition of control erythrocytes that did not express PtdSer did not induce HMOX1 expression or the changes in macrophage inflammatory state ( Figure 6C ). To further determine whether engulfment of other apoptotic cells induces a reparative macrophage phenotype that benefits hematoma clearance and brain recovery after ICH, thrombinstimulated macrophages were incubated with apoptotic neutrophils or T cells for 6 hours. Indeed, in agreement with previous findings (20, 54) , the addition of apoptotic neutrophils or T cells decreased TNF expression in macrophages; however, HMOX1 expression was not increased by the engulfment of apoptotic leukocytes (Supplemental Figure 8, A and B) . Thus, the tissuespecific reparative phenotype of macrophages after ICH is dependent on the efferocytosis of eryptotic erythrocytes.
Patients with ICH recruit AXL + MERTK + leukocytes to the brain and recovery is associated with efferocytosis. Next we sought to determine whether this process aids in the resolution of the inflammatory response in patients with ICH. Pathological specimens were obtained from 2 patients who died from ICH at different times from onset (Supplemental Figure 9 ). In the patient who died immediately after onset and thus had limited time for peripheral monocyte recruitment, we found that IBA1-positive cells largely expressed MERTK but not AXL. This is consistent with previous studies that have shown that MERTK is highly expressed in tissue-resident macrophages including microglia (55) . In contrast, in the perihematomal tissue of the patient who died 3 days after ICH, we found increased AXL-and MERTK- human cells. Interestingly, the resultant phenotype of macrophages involves several distinct pathways, including upregulation of other scavenger receptors including CD36, which likely assist in further hematoma clearance, and upregulation of heme oxygenase-1 to degrade heme, provide antioxidant protection, and further reduce inflammatory pathway activation. The effects of a reparative macrophage phenotype are likely multifactorial, possibly impacting neuronal survival, glial scar, endothelial cell activation, and other pathways that improve functional recovery. This reparative MDM phenotype was distinct in both gene expression and temporal profile from the profiles we recently reported in microglia (65) , as the microglial phenotype during recovery was dominated by TGF-β1-mediated pathways. As bleeding and hematoma formation are common phenomena in head trauma and hemorrhagic transformation of ischemic stroke, clearance of erythrocytes by MDMs may represent a conserved mechanism to prevent iron-mediated oxidative tissue damage and promote the resolution of inflammation in a wide range of acute brain injuries. The contribution of MDMs to hematoma resolution and the effect on disease progression requires further investigation in other models. AXL and MERTK function are critical to immune homeostasis (20) and have been shown to promote immunoregulatory functions in infection (76), atherosclerosis (28), cancer (77) , and autoimmune disease (78) . Notably, these receptors have been implicated in controlling inflammatory responses in the CNS, including in multiple sclerosis (79) and Parkinson's disease (55) , suggesting that they may direct immune function in a wide range of neurological diseases. The ligands of the AXL and MERTK receptors, PROS1 and GAS6 (80), contain γ-carboxylated glutamic acid residues activated by vitamin K that allow them to bind the negatively charged phospholipid PtdSer expressed by apoptotic cells and activated platelets (81, 82) . Activation of either AXL or MERTK leads to upregulation of the suppressor of cytokine signaling proteins SOCS1 and SOCS3. SOCS1 and SOCS3 inhibit the TLR, NF-κB, and JAK-STAT signaling pathways, leading to broad inhibition of inflammatory responses (20) . It is not surprising that in the absence of AXL and MERTK there was still some ICH clearance, as many other phagocytic receptors are likely able to compensate. However, the reduced beneficial phenotypic changes in MDMs and worse behavioral deficits in the AM DKO mice highlight the importance of this pathway in the resolution of inflammation and neurological recovery. Further work is needed to elucidate the relative contributions of each receptor, as well as other PtdSer receptors that may contribute to efferocytosis after ICH.
Recent data have shed light on the role of receptor cleavage in downregulating the signaling pathway. Cleavage of MERTK and AXL by the metalloproteinases ADAM17 and ADAM10 leads to soluble forms of the receptors and incompetent receptor functioning at the cell surface (29, (83) (84) (85) . Indeed, sAXL and sMERTK have been shown to inhibit macrophage efferocytosis (23) . In multiple sclerosis lesions, increased sAXL and sMERTK was associated with reduced GAS6 levels, perhaps due to the soluble forms acting as decoy receptors and limiting ligand availability (79) . A cleavage-resistant form of MERTK leads to enhanced resolution of inflammation in models of as a distinct population from microglia, the tissue-resident macrophages in the brain, and found that efficient hematoma clearance is dependent on MDMs. While we found that MDMs initially express inflammatory pathways and contribute to loss of neurological function, these cells rapidly change phenotype and upregulate molecules involved in phagocytosis. Strikingly, we found that the efferocytosis of eryptotic erythrocytes via the PtdSer receptors drives these transcriptional changes. Notably, this process downregulates proinflammatory cytokines and activates the antiinflammatory and antioxidant enzyme heme oxygenase-1, which has been shown to contribute to ICH recovery (16) . Taken together, these results establish a fundamental link between hemorrhage clearance and the resolution of inflammation in the brain and provide a mechanism for remodeling of macrophage function to induce recovery after ICH.
In recent years a growing number of studies have examined the contribution of MDMs, once thought of as predominantly inflammatory cells, to wound healing and tissue repair (57) (58) (59) (60) (61) (62) (63) . Examination of the particular role of these cells has been complicated by the lack of markers that clearly distinguish MDM from resident macrophage populations, particularly in inflamed tissue. Using a gating strategy that we have previously demonstrated consistently distinguishes MDMs and resident microglia after ICH (11, 64, 65) , we are able to precisely follow the temporal evolution of macrophage transcriptional programs after an acute injury. Consistent with other disease models (66, 67) , MDMs initially express an array of inflammatory genes upon arrival to the injured brain known to contribute to ICH pathology including Il1b, Tnf, Ccl2, and Nlrp3. Over time, MDMs downregulate these inflammatory genes and upregulate genes that are related to hemoglobin degradation, efferocytosis, and cholesterol transport such as Hmox1, Axl, CD63, ApoE, and Abcg1. This disease-specific reparative phenotype in the ICH brain supports the notion of on-site education of the macrophages in the injured tissue (68) (69) (70) and reinforces cues for developing a therapeutic strategy for ICH that enhances the macrophage contribution to brain repair.
Under physiological conditions, macrophages rapidly remove damaged and senescent erythrocytes from peripheral circulation to prevent the uncontrolled release of extracellular iron. Erythrocyte phagocytosis can be mediated by recognition of PtdSer on the erythrocyte plasma membrane by splenic macrophages (71) and Kupffer cells in liver (72) . These cells catabolize and recycle iron-containing heme via heme oxygenase-1; disruption of this process causes splenic and hepatic fibrosis and death (73) . We found that a similar process occurs in the brain after hemorrhage, where recognition of eryptotic erythrocytes by MDMs leads to hematoma clearance and reduces iron deposition. Our work builds on previous studies showing that acceleration of hematoma resolution prevents secondary injury in the hemorrhagic brain (12, 14, 32, 74) . Recently, administration of GAS6, a ligand of AXL and MERTK, was shown to alleviate brain edema and improve behavioral performance in mice after ICH (75) , but the cellular mediators of this protection were not explored. We determined that MDMs are a critical cell type in this process and reveal a mechanism by which erythrophagocytosis directly modulates MDM phenotype in both murine and
jci.org Volume 128 Number 2 February 2018 mm deep at a 5° angle, as described previously (11, 65, 88) . The craniotomy was sealed with bone wax, and the scalp was closed with tissue adhesive (3M Vetbond). Rectal temperature was maintained at 37.0 ± 0.5°C throughout the experimental and recovery periods (DC Temperature Controller 40-90-8D; FHC Inc.). All preclinical ICH surgeries were done by blood injection except when specifically noted otherwise. Collagenase model. We used the collagenase model of ICH for confirmatory experiments, as the injection of the bacterial enzyme results in the degradation of the vascular basement membrane, ongoing bleeding into the brain for at least several hours, and a more severe and persistent neurobehavioral deficit (89) . Briefly, mice received the same initial and concluding procedures as during the blood injection model surgery; however, ICH was induced by injecting 0.5 μl of 0.75 U type VII collagenase (from Clostridium histolyticum, Sigma-Aldrich) at 0.1 μl/min into the right striatum, as described previously (11, 65) .
Bone marrow chimeras
Eight-week-old WT CD45.1 mice were lethally irradiated with 600 cGy twice followed by retro-orbital injection of 10 6 donor bone marrow cells from WT, Ccr2
, or AM DKO mice (congenically marked CD45.2). Chimeras were maintained on sulfamethoxazole/trimethoprim antibiotics in their food pellets beginning 1 day before and continuing for 2 weeks following irradiation, and were used for ICH surgery 8 weeks after engraftment (11, 65) .
Fresh ICH brain tissue sampling and hematoma volume measurement
Mice were euthanized by isoflurane overdose at various time points after ICH and transcardially perfused with ice-cold phosphatebuffered saline (PBS). Fresh 1-mm coronal slices across the whole brain were prepared based on our standard procedure (90) . For the histological assessment of hematoma volume, images of the brain slices were digitalized by a scanner (600 dpi) and analyzed with ImageJ software (NIH). Hematoma volume in cubic millimeters was calculated as the summation of the hematoma areas multiplied by the interslice distance (1 mm). Alternatively, hemoglobin content in the hemorrhagic brains quantified hematoma volume (91, 92) . Briefly, 4-mm coronal brain slices across the hemorrhagic territory were collected (90) and homogenized in 300 μl of distilled water. To generate a standard curve, whole blood was obtained by cardiac puncture of anaesthetized intact mice. Incremental volumes of this blood (0, 0.5, 1.0, 2.0, 4.0, and 8.0 μl) were then added to 300 μl lysate from a normal brain sample. After centrifugation at 12,000 g for 30 minutes, the supernatant was harvested, and 80 μl Drabkin's reagent (Sigma-Aldrich) was added to a 20-μl aliquot of supernatant and allowed to incubate for 15 minutes at room temperature. The absolute optical density value of the solution was measured at a wavelength of 540 nm to assess the concentration of cyanomethemoglobin.
Behavioral tests
An experimenter blinded to genotype and treatment evaluated mice for neurological deficits and functional recovery by cylinder test, apomorphine turning test, neurologic deficit scoring system, and corner turn test at various days after ICH as previously described (11, 65, 92) .
peritonitis, ischemia/reperfusion lung injury, and atherosclerosis (24) . Both AXL and MERTK were highly expressed on macrophages, but only AXL transcription was rapidly upregulated between days 1 and 3 after ICH. Interestingly, we found cleavage of AXL, but not MERTK, in our experimental models and in the patient cohort, suggesting differential regulation of both gene transcription and the metalloproteinases between the two receptors. Our finding of poor neurological recovery in patients with elevated sAXL levels supports the detrimental role of soluble forms of the receptors in patients and underscores the therapeutic potential of enhancing efferocytosis-mediated signaling in macrophages.
Despite decades of effort, there remain no approved therapies for ICH. Modulating the immune response in hemorrhagic stroke has recently been suggested as a therapeutic strategy (86) , but detailed understanding of the cellular and molecular players is needed before therapies can be effectively translated to the bedside. Our findings here suggest that while inhibiting leukocyte recruitment may limit initial neuronal damage after ICH, recruited MDMs play an important role in functional recovery. Therefore, manipulation of the immune response to promote reparative pathways may represent an optimal long-term approach for management of acute brain injury. Here, we show that efferocytosis of eryptotic erythrocytes not only limits iron deposition in the brain but also modulates macrophage function. Thus, therapeutically augmenting efferocytosis may serve to improve functional outcomes by both reducing tissue injury and promoting the development of reparative macrophage responses. Our findings shed new light on the immune mechanisms that have an impact on brain injury and have translationally relevant implications for enhancing patient recovery. ) mice were obtained from The Jackson Laboratory. AM DKO mice have been described previously (87) .
Methods

Mice
Ccr2
−/− and AM DKO mice have been backcrossed for more than 9
generations to a C57BL/6J background. All mice were bred under specific-pathogen-free (SPF) conditions with a 12-hour light/dark cycle in a temperature-controlled environment and ad libitum access to water and food pellets. All experimental protocols were conducted in accordance with the NIH guidelines and were approved by the Yale Institutional Animal Care and Use Committee. Mice were randomly allocated to experimental groups by coin flip and investigators were blinded to group allocation and/or genotype until after data analysis. Group size calculation in ICH experiments is based on our experience with the variability in these models, accounting for a resulting effect size ƒ (by analysis of variance [ANOVA]) of 0.6 with α less than 0.05 and a power of 0.80.
ICH
Blood injection model. After anesthetizing mice with 1%-3% isoflurane inhalation and ventilating with oxygen-enriched air (20%:80%), we injected a total of 25 μl autologous blood at the following coordinates relative to bregma: 2.5 mm lateral, and 3.0 6 1 9 jci.org Volume 128 Number 2 February 2018 malized to housekeeping genes and genes with expression below the threshold of detection at all time points were eliminated. Data were imported to MATLAB, Z score normalized, and filtered to remove genes that did not change significantly over time. Remaining genes were hierarchically clustered and PCA identified genes driving change over time, as previously described (65) . Genes in the 90th percentile based on the magnitude of coefficients in the first and second components were used for downstream analysis. Heatmaps were created using MATLAB and Morpheus, a matrix-visualization software. Enrichment analysis was performed using the Cytoscape (v3.3.0) plugin GeneMania (3.4.0).
Flow cytometric analysis
To measure CD36, heme oxygenase-1, and TNF expression in/on MDMs in the perihematomal regions, mice were sacrificed at 7 days after autologous blood injection model surgery and samples were prepared as described above. Cells were stained for surface markers CD45 (30-F11), CD11b (M1/70), Ly6C (HK1.4), CD3e (145-2C11), CD19 (1D3), Ly6G (1A8), CD36 (CRF D-2712), and with viability dye (LIVE/DEAD Fixable Dead Cell Stain Kit; Invitrogen) for 20 minutes on ice and then fixed (BD CytoFix/CytoPerm; BD Biosciences) for 20 minutes at 4°C prior to being permeabilized. TNF (MP6-XT22) and heme oxygenase-1 (HO-1-2) antibodies (all sources of antibodies are listed in the supplemental material) were used to perform intracellular staining for 30 minutes at 4°C. To quantify PtdSer externalization, mice were euthanized at day 1 and 3 after surgery. Samples were prepared as described above. Cells were stained with CD45 (30-F11), TER119 (TER-119), annexin V, and viability dye. Apoptotic cells were defined as annexin V + LIVE/DEAD -. Control samples were taken from naive brain matching the 4-mm coronal tissue sections at the perihematomal region. In all experiments gates were set based on fluorescence-minus-one (FMO) controls.
Murine BMDMs
BMDMs were generated from WT and AM DKO mice as described previously (95) . Briefly, bone marrow was isolated from femurs and tibias of 6-to 8-week-old male mice. To deplete adherent stromal cells, the harvested bone marrow was cultured at 37°C overnight in α-minimal essential medium (BioWhittaker Lonza) supplemented with 10% FBS, 100 U/ml penicillin plus 100 mg/ml streptomycin, and 2 mM L-glutamine. Nonadherent mononuclear cells were collected, RBCs were lysed, and cells were cultured for 7 days in the presence of 50 ng/ml recombinant murine M-CSF (R&D Systems) to generate BMDMs.
Human MDMs
Human peripheral blood mononuclear cells (PBMCs) were isolated from fresh, whole heparinized blood from healthy donors over a Ficoll-Paque PREMIUM (GE Healthcare) gradient using the SepMate-50 tube (STEMCELL Technologies). Monocytes were purified from PBMCs by magnetic cell separation using the EasySep Human CD14 Positive Selection Kit II (STEMCELL Technologies). Monocytes (95% CD14 + cells) were cultured at 5 × 10 5 cells/ml for 7 days in complete RPMI 1640 supplemented with 100 ng/ml M-CSF (Tonbo Biosciences), at 37°C in a humidified atmosphere with 5% CO 2 . After 7 days, the monocytes had differentiated into macrophages (MDMs) and were used in further experiments.
Cylinder test. Mice were placed in a transparent glass cylinder and allowed to freely rear and place forelimb paws on the wall of the cylinder. The first forelimb placed (left, right, or both) was scored for a total of 20 rears. The laterality index was calculated as (right -left)/ (right + left + both), in which a greater positive number indicates a more severe left hemiparesis, while a score of 0.0 indicates equal use of the forelimbs.
Apomorphine turning test. Apomorphine, a dopamine agonist, was used to examine asymmetry of turning behavior. Apomorphine (58 μg/mouse; Sigma-Aldrich) was injected 5 minutes prior to a 20-minute testing session where mice were observed in a beaker for rotational activity. The number of right turns was recorded to quantify unilateral deficits in striatal function.
Neurologic deficit scoring system. For general neurologic severity assessment, mice were evaluated for body symmetry, gait, climbing, circling behavior, front limb symmetry, and compulsory circling. Each test was graded from 0 to 4, establishing a maximum deficit score of 24.
Corner turn test. The mice were allowed to proceed into a 30° corner and could freely turn either left or right to exit the corner. The choice of direction during 10 trials was recorded and the percentage of right turns was calculated.
In vivo peripheral monocyte depletion Mice were randomly assigned to intraperitoneally receive 20 μg of rat anti-mouse CCR2 antibody MC-21 (provided by Matthias Mack) or rat IgG2b isotype control antibody dissolved in 100 μl PBS. Three depletion regimens (days 0-3, days 2-7, and days 3-12) are described in Supplemental Figure 2 . This protocol ensures near-complete monocyte depletion based on previous studies in our lab and others (11, 93, 94 Transcriptome analysis Nanostring data were preprocessed according to the manufacturer's instructions and then further analyzed using custom MATLAB scripts as previously described (65) . Briefly, nCounter data were nor-jci. (91).
ELISA
Mice were euthanized at various time points after ICH surgery. Whole-cell extracts from equal weights of perihematomal brain tissue and serum from whole blood were collected and quantified by Bradford protein assay. Control and thrombin-stimulated BMDM culture medium and plasma from ICH patients were used for ELISA. AXL or MERTK was quantified from equal amounts of protein (1,000 μg in a total of 50 μl volume) and equal amounts of mouse serum, cell culture medium, or human plasma by ELISA (Mouse or Human AXL or MERTK DuoSet ELISA; R&D Systems). All samples and standards were assayed in duplicate.
Perls' staining
Brain iron deposition was detected by 3,3′-diaminobenzidine (DAB)-enhanced Perls' staining as previously described (92) . Briefly, sections of perihematomal tissue were washed with PBS and incubated in freshly prepared Perls' solution (5% potassium ferrocyanide/10% hydrochloric acid) for 30 minutes, followed by PBS washes. After DAB incubation for 1.5 minutes and hematoxylin counterstaining, iron accumulation was digitized by a Leica DMi8 and quantified with ImageJ software by observers blinded to genotype. Iron-positive cells were counted by sampling an area of 500 × 1,000 μm 2 immediately adjacent to the hematoma in 3 randomly selected fields at ×400 magnification.
Immunofluorescence Paraffin-embedded tissue sections (7 μm) of human brain were boiled for 40 minutes in citrate (pH 6.0) then blocked with 2% normal goat serum and rabbit serum for 1 hour at room temperature. Samples were stained with primary antibodies (see supplemental material) against anti-IBA1 (1:200), anti-MERTK (1:100), and biotinylated anti-AXL (1:100). Slides were washed and incubated with secondary antibodies labeled with Alexa 488 (1:1,000), Alexa 594 (1:1,000), and Cy5 (1:1,000) for 2 hours. After 3 washes, nuclei were stained with DAPI. The mouse brain sections were incubated overnight at 4°C with the following primary antibodies: anti-Iba1 ) were plated on round 12-mm glass coverslips on a 24-well plate for 7 days. Macrophages were incubated with 10 U/ml thrombin under serum-free conditions (α-minimal essential medium supplemented 100 U/ml penicillin plus 100 mg/ml streptomycin, 2 mM L-glutamine, and 50 ng/ml recombinant murine M-CSF) for 18 hours. The macrophages were then fed with fluorescently labeled erythrocytes (3 × 10 6 ) at 37°C for 1 hour. Unengulfed erythrocytes were removed by PBS wash, the cells fixed, stained with FITC-labeled rat anti-mouse CD11b (M1/70) antibody, and mounted on a glass slide. The engulfed erythrocytes were observed by fluorescence microscopy. The phagocytosis index was calculated by the mean fluorescence intensity of engulfed erythrocytes per macrophage and expressed as percentage of control groups.
In vivo erythrophagocytosis assay RBCs were isolated from whole blood of donor mice and labeled with fluorescent probe PKH-26 as described above. The PKH-26-labeled RBCs were then suspended in autologous plasma at 20% hematocrit (1:4 ratio of RBCs and plasma) and 25 μl RBCs plus plasma was injected in the brains of WT and AM DKO chimeras as in the blood injection ICH model. Mice were sacrificed at 3 days after injection and samples were prepared and analyzed by flow cytometry as described above. was defined as MDMs that had engulfed RBCs. MDMs from naive brains matching the territory of the perihematomal region were used as control samples.
Efferocytosis of neutrophils and T cells
Human neutrophils and Jurkat T cells were used as sources of apoptotic cells. The neutrophils were prepared from human peripheral blood as previously described (96) . For apoptosis induction, the neutrophils were suspended in IMDM (BioWhittaker Lonza) with 10% autologous serum and incubated for 24 hours at 37°C in 5% CO 2 . Cells were washed twice with HBSS without Ca 2+ and Mg 2+ and resuspended in IMDM without serum. The Jurkat T cells were cultured in RPMI medium containing 20% FBS, glutamine (2 mM), penicillin (100 U/ml), and streptomycin (100 mg/ml) at 37°C in 5% CO 2 . The culture was UV irradiated for 10 minutes to induce apoptosis as previously described (97 MERTK signal was normalized to the corresponding α-tubulin (loading control) intensity. Expression was quantified as densitometric units with Image Lab 6.0 software (Bio-Rad).
Patient cohort study
Patients were identified from the inpatient census of the Neurological Intensive Care unit at Yale New Haven Hospital. Blood was collected by peripheral venipuncture into lithium heparin vacutainer tubes at 72 ± 6 hours after ICH symptom onset (or last known well) and centrifuged at 2,000 g for 10 minutes. Plasma supernatant was frozen at -80°C until analysis. Clinical data, including demographics, ICH size and location, clinical severity measures, concomitant medications, and complications were prospectively collected. Functional outcome was quantified by a modified Rankin Scale score during a structured telephone interview at 90 ± 14 days and 365 ± 30 days after ICH onset. All clinical data collection was performed by members of the clinical research team blinded to sAXL levels. Because of our interest in sAXL and functional recovery, patients who died prior to discharge from the hospital were excluded.
Statistics
Murine data and human in vitro data. All in vivo figures present individual mouse data with a line indicating the mean of the group. Bar graphs are presented as mean ± standard deviation. Mean values were compared using Student's t test for comparison between 2 groups, and 1-way or 2-way repeated-measures ANOVA with post-hoc Bonferroni test for multiple-group comparisons. All analyses were performed using SigmaStat 3.5 (Systat Software Inc.). A P value less than 0.05 was regarded as statistically significant. Human cohort study data. Univariate analyses were performed to determine associations of sAXL levels and clinical characteristics, including age, ICH volume, ICH location, NIHSS score, ICH score, and warfarin use. A multivariate ordinal logistic regression was performed to determine the independent association of sAXL levels on functional outcome at 1 year adjusted for ICH score, the most commonly used functional outcome predictive measure. The proportional odds assumption was confirmed. Statistics were performed using Stata/IC v13.1.
Study approvals
All murine procedures were approved by the Yale University Animal Care and Use Committee and were performed in strict compliance with the NIH Guide for the Care and Use of Laboratory Animals. The Human Investigations Committee (IRB) of Yale University approved the patient cohort study. Patients or their designated surrogates provided written informed consent according to the Declaration of Helsinki.
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MRI
Animals were anesthetized with 3% isoflurane during induction; anesthesia was maintained at 1.5% isoflurane during MRI. The core body temperature was monitored using an optical fiber probe and maintained near 37°C with a temperature-controlled recirculated warm water bed. The transverse (R 2 ) relaxation rate maps were obtained at 9.4 T using a Bruker horizontal-bore spectrometer with a 1 H radio frequency (RF) surface coil of 12-mm diameter positioned on top of the animal head. R 2 maps were obtained for 20 slices using a spin-echo pulse sequence with 128 × 64 in plane resolution, 0.5 mm slice thickness, a field of view (FOV) of 24 mm × 12 mm, and a repetition time (TR) of 6 seconds. Ten different echo time (TE) values in the range from 8 to 80 ms were used. The R 2 value in each voxel was calculated using Matlab (MathWorks, Inc.) by fitting the MR intensity versus TE to a single exponential function. Measurement of hemorrhage volume was obtained from the R 2 maps using BioImage Suite (http://www.bioimagesuite.org/) as follows. First, all slices in the R 2 maps were resampled to 100 μm × 100 μm resolution, keeping the same slice thickness. Next, because R 2 values are higher in the hemorrhage regions, a threshold value for selecting these regions was established by comparison with R 2 values measured in the same regions on the contralateral side of the brain. However, because the R 2 values in a normal brain are different in the gray matter (e.g., cortical and subcortical values) than in the white matter (e.g., corpus callosum), separate R 2 thresholds were used for analysis of gray and white matter regions. Small variations in the overall R 2 values in each animal prompted the use of a specific R 2 threshold for each animal. Although these variations were relatively small (± 2 s -1 ), they provide a more accurate estimation of hemorrhage volume. Thus, the R 2 threshold used for gray matter was between 24 and 26 s -1 , while that used for white matter was between 27 and 30 s -1 . Finally, the 3D hemorrhage volume was calculated by selecting the tissue volume with R 2 values larger than the threshold value, for both gray and white matter regions.
Western blot analysis
Western blot analysis was performed as previously described (32) . Fresh coronal perihematomal and contralateral tissue sections (4 mm) were lysed in T-PER (Thermo Fisher Scientific) containing Complete Mini Protease Inhibitor Cocktail (Roche Molecular Biochemicals). Total protein was quantified by the Bradford protein assay (Bio-Rad). Equal amounts of protein (20 μg protein per sample lane) were separated by 4%-20% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (Bio-Rad) and transferred to 0.45-μm Immobilon-P membranes (Millipore). Membranes were blocked with 5% BSA in PBS-T (PBS containing 0.2% Tween-20) and probed with primary antibodies (see supplemental material) against AXL (R&D Systems), MERTK (R&D Systems), and α-tubulin (Santa Cruz Biotechnology) at 4°C overnight. After 3 washes in PBS-T, the membranes were then incubated with HRP-linked anti-goat secondary antibody (Millipore) for 1 hour. Membranes were washed again, and proteins were visualized with ECL Plus (Millipore). Images were digitized by a ChemiDoc Touch Imaging System (Bio-Rad). The relative intensity of AXL or
